Catalytic amount of cheap chiral recognition reagent (quinine) combined with chemometric and infrared spectroscopy (IR) was used for quick and accurate determination of the enantiomeric compositions of ibuprofen. First of all, full spectrum was used as the input variable of partial least regression (PLS) to establish the calibration model, after which a good prediction rate of the average error of 4.65% was obtained. Then, wavelet transform (WT) algorithm, with strong compression ability, was employed to obtain a more concise model. The low-frequency coefficients were extracted by the simplest Harr wavelet function, and were used as the input variables to establish the calibration, after which a good prediction rate of the average error of 3.60% was obtained. All the results showed that the combination of partial least squares and infrared spectroscopy can be used for quick and accurate prediction of the enantiomeric excess (ee) value of ibuprofen.
INTRODUCTION
Analysis of the enantiomeric composition of chiral drugs is of great importance because the enantioisomers often showed different physiological and therapeutic effects. Generally, only one form of enantiomeric pair was pharmacologically active, while the other presented limited or even reverse effect (Williams, 1985; Islam et al., 1997) . Ibuprofen (Figure 1 ), an important nonsteroidal anti-inflammatory drug (NSAIDs), was used to reduce fever and treat pain or inflammation caused by headache, toothache, menstrual cramps, or minor injury (Altman, 1984) . The ibuprofen molecule contains a chiral center at the 2-position of the carboxylic acid, thus has two enantiomers ( Figure 1a or even inactive in vitro, although the (R)-(-) enantiomer can convert into to the active (S)-(+) enantiomer in some extent through metabolic inversion in vivo (Kaiser et al., 1976) . Besides, the (R) (-) enantiomer can be stored in fatty tissue as the glycerol ester, which may be potentially toxic, and the long-term effects are unknown (Hutt and Caldwell, 1983) . To enhance the specificity and avoid the undesirable load on metabolism, (S)-(+)-ibuprofen has been introduced as an alternative of racemic ibuprofen by Merck in the form of its lysinate salt (Tung et al., 1991) . Thus, determining the enantiomeric composition of ibuprofen is virtually important both in pharmaceutical industry and pharmacological research. When compared to the rapid development of asymmetric drug synthesis, the enantioselective analysis often remains the bottleneck, because it usually entails laborious and timeconsuming chromatographic techniques (Armstrong et al., 1986) . So, there is urgency for different methods to achieve rapid detection of enantiomeric composition of ibuprofen. A much different approach to analyze the enantiomeric composition of chiral compounds is based on infrared spectroscopy (IR), which can detect any changes induced by interactions between enantiomers and chiral recognition reagents. Combining this with the guest-host complexes and chemometric data analysis, a quick, facile and cheap way is offered to determine the enantio-meric purity (Tran et al., 2003 (Tran et al., , 2004 Zhou, 2006) . Tran et al. (2003) reported the determination of enantiomeric compositions of amino acids by NIR through complexation with cyclodextrins (CDs) or sucrose, using partial least squares as data analysis method, to obtain good results (for example, the rel. errors of the prediction of enantiomeric excess (ee) of 2.0 mM Ala in 4.0 mM α-CD ranged from 0.66 to 16.94%). Subsequently, they extended this strategy to analyze the enantiomeric compositions of chiral pharmaceutical products, such as propranolol, etc, in which cyclodextrins (CDs) and sucrose were found again be good chiral recognition reagents (Tran et al., 2004) . Zhou et al. (2006) applied this strategy to analyze the enantiomeric purity of M3 antagonist drug substance by employing CDs or L-tartaric acid as chiral recognition reagents. The prediction results were in good agreement with the gravimetric method (1.3% standard error) (Zhou, 2006) . However, in most of the reported cases, one equivalent or much excess amount of chiral reagent was required to give rise to signal splitting, while these chiral reagents were commonly expensive or not easily prepared. Herein, we wish to report a practical rapid enantiomeric excess determination of ibuprofen through partial least regression technique, which just employs catalytic amount quinine as chiral recognition reagent. This common, cheap chiral alkaloid has not been applied in the IR to detect ee yet. Furthermore, wavelet transform (WT) has been found to be a very efficient technology in compressing analytical signals Shao et al., 2003) . Nonetheless, if WT can be combined with the partial least regression (PLS), the concise model can be obtained.
EXPERIMENTAL Spectral acquisition and sample partition
IR spectra were collected using an ART (attenuated total reflectance) spectrometer (Nicolet is 10, Thermo Fisher Scientific 5525, USA). The collected wavelength of spectroscopy ranged from 650 to 1855 cm -1 , while a total of 2500 spectral data were obtained. A sample of (S)-(+) ibuprofen was purchased from Acros Organics, while racemic ibuprofen was purchased from Alfa Aesar A Johnson Matthey Company and used without further purification. The different levels of enantiomeric excess of ibuprofen (10, 20, 30, 40, 50, 60, 70, 80 and 90%) were prepared from accurately weighing and combining certain amount of (S)-(+)-ibuprofen and racemic ibuprofen. Thus, the mol ratio of quinine and ibuprofen was 1:5. While maintaining the overall concentration (0.08 mmol/ml, refers to ibuprofen) and sample volume constant (1 ml, CHCl3), the experiment was repeated 5 times to ensure reproducibility, and a total of 45 samples were obtained. Finally, one of the samples extracted from each level of enantiomeric excess sample was used as the prediction set (9 samples), while the remaining 36 formed the calibration set.
Wavelet transform
Wavelet transform (WT) changes the original spectral into the wavelet domain, so that the information contained in the original spectra data can be represented by the wavelet coefficients. Due to the characteristics of WT, most of the coefficients with small amplitude can be regarded as noise or uninformative. Therefore, the original data can be compressed and explained by only a small amount of wavelet coefficients. Wavelets are a series of functions derived from the basis function (mother wavelet); hence, a wavelet is defined as:
( 1) where is a scaling variable, and is a translation variable. WT depends on these two parameters that vary continuously over a set of real numbers.
Let denote a function, so that the WT of will be written as: (2) where " " denotes conjugation. In practice, the scale parameter can be sampled along the dyadic sequence , and the position parameter can be sampled as . Then the DWT can be obtained as: Assuming and are orthonormal bases, the projection in these spaces will be characterized by:
So, the Mallat algorithm is as follows (Mallat, 1989) :
where is the approximate coefficient (low-frequency components) of the signal at the decomposition level of , and is the detailed coefficient (high-frequency components). Moreover, the reconstruction formula is as follows:
PLS regression
Partial least squares regression is the most powerful regression technique in chemometics. It decomposes the predictor (X) and the dependent variable (Y) blocks in a single process.
(9) (10) where T and U are the X and Y score matrices; P and Q are the X and Y loading; and E and F are the residual, respectively. The linear inner relationship is constructed between the dependent and independent variable (T and U) respectively, according to:
(11) (12) where is transpose matrix. When predicted, the unknown of unknown can be obtained according to , and the unknown can be obtained as:
Software and calculation
All calculations were performed with homemade programs in MATLAB 7.6 (The Math Works, Natick, USA). The optimal number of PLS latent variables (LVs) was determined on the basis of minimum root mean square error of cross-validation (RMSECV).
RESULTS AND DISCUSSION

Transmission spectral investigation
The typical infrared spectra with different enantiomeric excess values are shown in Figure 2 . It can be seen from Figure 1 that the trends with different spectral curves are very similar, which makes it very difficult to directly determine the enantiomeric excess value of ibuprofen. It can also be observed that the spectra contain a relatively large noise. At the same time, as there are large data contained in the spectral variables, chemometric approach is required to compress the spectral data.
PLS based on full spectrum
In the first stage of this study, a PLS regression model was built on the whole spectra without any processing. It can be seen from Table 1 that the prediction error was basically kept within 15%, and the largest prediction errors occurred in the prediction of enantiomeric excess values of 30 and 70%, which reached 11.38 and 10.75% respectively, thereby showing that the predicted results were not ideal. Except for these two, other predication errors were within 10%, especially the prediction of 90% enantio-meric excess value, in which the error was minimized to 0.9%. Finally, the prediction results of enantiomeric excess values ranging from 0.1 to 0.9 were averaged, and the average prediction result of 4.65 was obtained. From the perspective of the overall prediction, these prediction results were satisfactory. Consequently, all the results showed that it was feasible to quickly predict enantiomeric excess value based on IR technology.
To study the contribution of each variable on its prediction model, the PLS model regression coefficients were listed and shown in Figure 2 . The absolute values of the regression coefficients represented the different contributions to prediction models; as such, the larger absolute value of the regression coefficients means the larger contribution. From Figure 3 , we can see that the wavelength of the greatest contribution is 800 cm . Wavelengths from 1400 cm -1 have little contribution to the model, because the absolute values of these wavelength coefficients are very low.
PLS on wavelet decomposition approximate coefficients
The preceding analysis shows that it is feasible to rapidly predict the enantiomeric excess value based on IR. However, the previous prediction model is based on the full spectrum. Due to the large data amount, the model is not simple enough. Particularly, in practical applications, it is time-consuming. Therefore, as a result of this defect, we must conduct compression on these large amounts of spectral data. Wavelet transformation has the merit of time-frequency in spectral signal analysis, which has been proven to be a powerful compression method. According to the principle of wavelet transformation, lowfrequency and high-frequency information in the original signal can be obtained in wavelet decomposition domain, of which low-frequency information represents most of the information of the original spectral signal, while highfrequency information mainly represents noise information. High-frequency information of the original spectral obtained by wavelet transform is removed in the wavelet domain, while spectral signals are compressed. Thus, based on this concept, the wavelet transform algorithm was employed to decompose the ibuprofen IR spectra, and the decomposed low-frequency information was used as the input variables of PLS to establish the calibration model, which can not only make the model simple, but can also enhance the modeling prediction precision. Decomposition level 3 and the simplest Harr wavelet function (Db1) are adopted in this work. However, the low-frequency coefficients of decomposition level 3 are shown in Figure 4 . It can be seen from Figure  4 that they are quite similar with the original spectra in Figure 2 , which show that the low-frequency coefficients of decomposition level 3 properly retained the information features of the original spectra. After careful observation, changes of the coordinate axis can be found. Meanwhile, from the decomposition results, the data points reduced from 2500 to 331, which is only 1/4 of the original amount. The prediction results are shown in Table 2 . As observed from the overall results, the prediction results were also satisfactory; in that the largest prediction error was for 80% enantiomeric excess value, reaching 11.69%. Except for this one, other errors were mostly within 5%, particularly for 10, 40 and 90% enantiomeric excess samples, in which the prediction error was almost close to 0. Similar with the previous practice, predicted errors were averaged, and the average error of 3.60 was obtained, which was better than the PLS model on the full spectrum. The better result was attributed to eliminate high-frequency noise information. Therefore, lowfrequency coefficient information was employed as input variables of PLS, which can not only compress the data but also improve the prediction precision.
Conclusion
In this study, the feasibility of the rapid prediction on ibuprofen enantiomeric excess value by IR was explored. The calibration model on full spectrum using PLS regression technology was built and the average prediction error rate of 4.65 was obtained. The result shows that it is feasible to quickly determine the ee value based on IR technology. Due to the huge amount of data, wavelet transform technology was used to compress the original spectra, and the decomposition level 3 lowfrequency coefficient was used as input variables to build the PLS model. The average prediction error rate was obtained as 3.6, which showed that the wavelet transformation technology can not only compress the raw spectral data, but also improve prediction results. The obtained results proved that the IR non-equivalences of enantiomers of chiral drugs, induced by catalytic amount of chiral alkaloid, are enough to be accurately analyzed by PLS. However, all the results showed that the proposed strategy can be used as a rapid, cheap, accurate and practical way to determine enantiomeric compositions of ibuprofen.
